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Abstract 
We investigated the effectiveness of using multimedia tools in favoring learning of magnetic forces, a topic that 
physics education research showed to be particularly complex and difficult for students. We designed a sequence of 
experiments that was tested with about 150 high school students. Our results compared with the ones reported in the 
literature indicate that students’ understanding of the direction and magnitude of the magnetic force markedly 
improved and typical difficulties were overcome. The work also allowed create a group of in service teachers who 
continue cooperating with the researchers in experimenting and improving the activity sequence.  
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1. Introduction 
There has been much interest in using multimedia (MM) to support the teaching and learning process and many 
different examples have been proposed in the literature (Thornton 1990, Onorato & De Ambrosis 2012b). This 
research was conducted to investigate the effectiveness of MM tools in favoring the learning of a fundamental 
physics topic that physics education research has shown to be particularly complex and difficult for students: the 
magnetic force.  
In fact many studies have investigated student difficulties in understanding the magnetic force (Scaife & 
Heckler 2010). Starting from the comparison of physics education research results about students’ difficulty on the 
topic (Galili 1995, Guisasola, Almudi, & Zubimendi 2004, Sağlam & Millar 2006, Scaife & Heckler 2010) with 
teachers’ direct experience with students, we designed a teaching sequence, including both experimental activities to 
be carried out in the laboratory of our Physics Department and discussions to be developed at school. The sequence 
of experiments supported by MM tools and aimed at exploring the magnetic force has been designed for students in 
advanced high school classes or in introductory physics courses and has been tested with about 150 students aged 
18-19 years. Data were collected by means of questionnaires, worksheets and interviews. Results obtained were 
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compared with the ones reported in the literature and with the results of a control group of 45 high school students 
of the same age, who received a traditional teaching. Students’ answers indicated the effectiveness of the sequence 
in helping students overcome some typical difficulties. 
The work also allowed creating a group of in service teachers cooperating with the researchers in experimenting and 
improving the activity sequence.  
In section 2 the preliminary work carried out with the group of high school teachers to design the activity sequence 
is briefly described, in section 3 the sequence of experiments is presented, in section 4 data on students’ 
understanding collected by means of questionnaires and worksheets are reported. In section 5 teachers’ involvement 
as revealed by their answers to a questionnaire and in interviews is discussed.  
2. Designing Teaching Plan  
This phase of work was aimed at designing a sequence of activities focused on the magnetic force and based on 
simple experiments. Laboratory activities were prepared by taking into account the teachers’ needs and in agreement 
with the Italian high school curriculum on electromagnetic phenomena. 
The planning and setting up of the experimental activities were carried out in three steps: 
Step 1: Discussion involving researchers, student teachers, and in service teachers aimed at identifying the most 
important conceptual issues on which to set up the experimental activities.  
Step 2: Construction of a teaching learning sequence dealing with the identified issues and based on appropriate 
experiments. After an initial discussion, high school teachers agreed on a few fundamental decisions regarding the 
design of the teaching plan, which can be summarized as follows: 
o Emphasizing the experimental approach to offer students an overview of the wide-ranging phenomenology of 
the effects of the magnetic force and to introduce new concepts starting from quantitative (or qualitative) 
experiences.  
o Designing experiments that require simple material (permanent magnets, coils and compasses) usually available 
in school laboratories and MM tools (current-voltage and force sensors, digital camera).  
o Making students carry out quantitative experiments by themselves working in groups  
o Starting from the observation of forces and torques produced by a magnetic field on magnets and currents 
instead of considering at first the magnetic field produced by moving charges (as many textbooks do). 
o Introducing an historical perspective in dealing with magnetic forces and in discussing and analyzing the 
experiments with the students.  
Step 3: Production of the equipment needed to carry out the laboratory experiments including tutorials and 
worksheets designed to guide the students’ work and to collect data on their ideas, predictions, experimental results, 
and interpretations. Pre and post tests were also formulated.  
 3. The Sequence of Experiments  
The activity sequence (Onorato & De Ambrosis 2012a) is organized into three main phases, each starting from an 
experiment. The first phase is aimed to help students understand direction and magnitude of the magnetic force 
experienced by current carrying wires located in a homogeneous magnetic field. The second phase refers to the 
study of the magnetic force on electrons, emitted by a cathode, moving through a homogeneous magnetic field. In 
order to do a quantitative analysis students acquire, by means of a digital camera, the images of the circular electron 
orbits and then use the photos to find the quantitative relationship between force, cyclotron radius and electron 
momentum. In the third phase students are requested to analyze the sub-nuclear particle tracks in cloud and streamer 
chambers in real research experiments, based on the experience they acquired during previous work with digital 
photos. 
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3.1. The magnetic force acting on a current carrying wire  
The experiments are designed to help students realize that when a current-carrying wire is placed in a 
homogeneous transverse magnetic field, B, a macroscopic force FM is generated and to investigate on magnitude and 
direction of this force. Experiments require force and current online sensors. The equipment used is shown in 
Figure1. Three different activities are proposed, the first one is aimed to measure the force as a function of the 
current intensity, the second one is focused on investigating the dependence of FM on the length of the wire, and the 
third intends to emphasize the dependence of the force on the angle between the current and the field lines. 
 
Figure1. Experimental set-up to measure the force experienced by current carrying wires: two permanent magnets, some meters of current 
carrying wires (coils obtained by winding the wire N times around a core), an electric DC generator (that can be substituted by a battery and 
variable resistance), a force sensor and a current sensor. 
Figure1 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Examples of graphs obtained by the students are reported in Figure 2. 
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A)            B) 
            
Figure 2.A) Data acquired by DataStudio sw are plotted in the force–current plane: the linear relationship between measured force, |Fm|, and 
current I is reported for different values of Nw(number of wire turns). B) Measurements of FM(α) obtained by many groups of students compared 
with the function sin(α) are shown . The measured forces are normalized to the maximum value. 
 
Analysis and interpretation of the experimental results help students construct/verify the formula:  
nBIBIFM ˆ)sin(α
 =×=       (1) 
where ℓ is the length of the wire, I is the  steady current flowing in the wire, B is the strength of the magnetic field  
and α  is the angle between the current carrying wire and the direction of B. 
3.2. The Lorentz force  
The second phase refers to the study of the magnetic force on electrons, emitted by a cathode, moving through a 
homogeneous magnetic field. For this experiment we use the apparatus usually adopted to determine the ratio charge 
to mass (e/m) for electrons, where the motion of the electrons is deflected by means of a magnetic field (Figure 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Experimental apparatus for measuring Lorentz force.  A discharge tube is placed within the uniform magnetic field produced by two 
Helmholtz coils. Photos are acquired by a Web Cam. 
In order to carry out a quantitative analysis of the circular electron orbits obtained in the experiment, students utilize 
a simple methodology employing digital photos and image processing techniques. The computer analysis of the 
"live photos" acquired by means of a digital CCD camera, allows students measure the quantitative relationship 
between force, cyclotron radius and electron momentum. By analyzing the photos acquired for different values of 
the magnetic field and kinetic energy of the electron beam students recognize that the cyclotron orbit radius depends 
on the momentum (or on the speed) of the electrons according to a direct proportionality, while it is  inversely 
proportional to  the magnetic field (see Fig.4).  Finally the direction of the magnetic force is considered. Students are 
guided to recognize that the magnetic force on the moving charges is perpendicular both to the field and to the 
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velocity. At the end of the work all relevant aspects of Lorentz force have been explored by the students and this 
should help them acquire a better understanding of the formal expression 
BvqF

×=        (2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Photos acquired at different values of the accelerating voltages (200 and 250 V) and of the magnetic field (8 to 16 Gauss). Experimental 
results show a linear dependence of the momentum of the particle charge on the radius of the trajectory and an inverse proportionality between 
magnetic field and radius. 
3.3. Particle tracks in a cloud chamber: historical photos as a context for studying magnetic force 
The third phase of the activity sequence is based on the experience acquired by the students by working with 
digital photos of the electron tracks. They are requested to analyze sub-nuclear particle tracks in cloud and streamer 
chambers in real, historical experiments. 
In this phase of work students retrace the famous Andersons’s experiment carried out in 1933 that led to the 
discovery of the “positron”, the first evidence of antimatter (Anderson 1933). Then they examine a streamer 
chamber photo of a pion-moon-electron decay chain resulting from antiproton annihilation (Piragino et al. 1985).  
These fascinating applications of the magnetic force give a chance to introduce the basics of particles’ physics 
and the concept of antimatter.  
4. Results on students’ understandıng  
The activity sequence was tested with several groups of high school students (about 150 students on the whole, age 
18-19). Two questionnaires were given one before the activities (pre-test) and another approximately 2 weeks after 
the activities were concluded (post-test). Some questions were drawn from the literature (Scaife & Heckler 2010, 
Scaife & Heckler 2007) so as to make possible a comparison of our students’ results with the ones obtained in a 
different situation.  
We considered as first control group (G1) the undergraduate students involved in the research reported in Scaife & 
Heckler 2010 and Scaife & Heckler 2007. A second control group (G2) consisted in 45 high school students (age 
18-19) who did not attend our laboratories. They were asked to answer to the post-test questionnaire approximately 
1 week after instruction on magnetic forces according to the traditional high school curriculum. Main results 
obtained in the pre and post-test are summarized in Figure 5. 
According to the pretest results, only 45% of the students recognized that the magnetic force on a charge at rest is 
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zero (compare with Maloney’s results 1985) while after the activity sequence the percentage rose up to 80%. Post 
test results show that more than 80% of our students were able to indicate the direction of the magnetic force on a 
moving charge correctly (see Figure 5), while in the control group G1 the proportion of correct answers was below 
50%. 
In the pre test 47% of the students answered that the force acting on a current-carrying wire is in the same direction 
as the magnetic field, independent of the current direction. In the post test 84% of our students were able to identify 
the direction of the force acting on a current carrying wire near a permanent magnet, while only 37% of G2 students 
gave a correct answer (58% were still convinced that the force acts on the field direction). 
These results show that the sequence created a fruitful environment for students’ learning, appropriate to address 
their initial difficulties by involving them gradually in the rather complex analysis of results obtained in real 
research experiments. 
 
 
Figure 5. Questions and results of our students before and after the learning sequence. Results are compared with the ones reported in 
Scaife’papers (Scaife& Heckler 2010, Scaife & Heckler 2007). 
5. Teachers’ involvement  
The work done produced good results also in terms of involvement of the teachers, as revealed by their answers 
to a multiple-choice questionnaire and in interviews concerning their attitude toward the use of computer based 
experiments in the laboratory and their satisfaction about the experience done. All teachers found extremely positive 
the collaboration with university researchers, even if only 45% believed to have contributed significantly to the 
design of the experiments. All the interviewed teachers thought they received helpful teaching suggestions from the 
experience both in terms of contents and in terms of teaching methods. Answers to the multiple choice questions 
about the appropriateness of the topics and about students’ involvement and understanding are reported in Figure 6. 
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Figure 6. Teachers’ answers to a multiple-choice questionnaire concerning their satisfaction about the work done. 
 
From the interviews it appears that teachers appreciated both the possibility of easily integrating the experimental 
activities in the standard high school curriculum and the opportunity of dealing with an unusual physics topic related 
to particle physics by using a simple approach. One of them said “the activities carried out in the laboratory fit 
perfectly into our curriculum for electromagnetism, while it was interesting  to approach modern physics in 
particular the study of elementary particles that we have not addressed in the traditional curriculum.”  Another 
teacher said: “the experimental approach has been very useful for introducing basic concepts concerning interaction 
of the magnetic field with moving charges and currents….. the laboratory was also an opportunity to broaden the 
horizons of a branch of physics that has not been yet systematically addressed in school.” 
Teachers also underlined that they developed further discussion with the students, starting from the work done in the 
laboratory: “we have done in class this work of revision and critical review of the results of the experimental 
activities that there was no time to do during lab work…” 
They appreciated that the experiments were not just used to verify a known formula but to offer a chance of 
discovering and analyzing new phenomena. For example, one of them said: "the laboratory was an essential part of 
the learning process. In particular, the approach used in experimental activity was a valuable contribution to the 
understanding not only of the phenomena involved but also of the scientific method. The degree of awareness that 
students show in mastering the phenomena and laws addressed is certainly greater than for a purely theoretical 
study” And another one confirmed “In this kind of activities students are leading actors in building their knowledge, 
they have not to learn predetermined formulas but they have to discover step by step together with their school 
mates, overcoming the obstacles and the wrong conceptions and always looking at the real phenomena”. 
6. Conclusions  
We briefly described a sequence of laboratory activities devoted to study magnetic field and Lorentz force and 
reported the results obtained by testing it through 18–19-year-old high school students. Post-test results gave very 
encouraging feedback regarding improvements of students’ understanding of the direction and magnitude of the 
magnetic force after the activity sequence and confirmed the effectiveness of using multimedia tools in physics 
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laboratory. This work produced good results also in terms of involvement of the teachers, as revealed by their 
answers in interviews concerning their attitude about the use of multimedia in the laboratory and their satisfaction 
about the work done. A group of them will continue cooperating with the researchers in designing and 
experimenting innovative teaching approaches integrating computer-based laboratory and multimedia. 
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